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We study the evolution of the universe by assuming an integrated model, which involves interacting
dark energy and holographic principle with Hubble scale as IR cutoff. First we determined the
interaction rate at which matter is converting to dark energy. In the next step, we evaluated the
equation of state parameter which describes the nature of dark energy. Our result predicts that
the present state of the universe is dominated by quintessence type dark energy and it will become
phantom dominated in near future. Again our analysis successfully addresses the problem of present
accelerated expansion of the universe and softens the coincidence problem. We also found that the
universe was previously undergoing a decelerated phase of expansion and transition from deceleration
to acceleration would occur at a time tq=0 = 0.732t0, where t0 is the present age of the universe.
Finally, we discuss the evolution of Black Holes in this environment.
PACS numbers: 98.80.Jk, 95.36.+x, 97.60.Lf, 04.70.Dy
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I. INTRODUCTION
One of the most intriguing discovery of modern day cosmology is the recent accelerated expansion of the universe,
which was first predicted by the observations of Supernova Ia [1, 2] and subsequently confirmed by the observations of
Cosmic Microwave Background Radiation [3, 4], Weak Lensing [5], Large-scale Structure [6–8], WMAP Data [9] and
Planck Data [10]. As a possible theoretical explanation of this major break though, it is considered that the most part
of the present universe is made of a form of energy that exerts a negative pressure and drives the acceleration. The
unknown nature of such energy brings it a name Dark Energy and recent observational data [10] suggests that 68.3
percentage of the present universe is filled with this unknown form of energy. On the other hand, the rest contents of
the universe is gravitating matter with a large part is non-baryonic and is called Dark matter again due to its nature.
Due to lack of any concrete knowledge about the nature of the dark energy, there are a number of proposed
candidates and their number is increasing day by day. Among them the natural and simplest candidate is cosmological
constant. But it suffers from fine-tuning problem: mismatching in the magnitude of cosmological constant as predicted
by field theory and present observation by 123 order. So dynamical dark energy models such as Quintessence [11–13]
and K-essence [14] are proposed. Again there are discussion on an exotic form of dark energy, named as Phantom
energy [15–17], which violates dominant energy condition. There exist also modified matter dynamical dark energy
models like Chaplygin gas [18, 19] and also many modified theory of gravity like f(R) gravity [20, 21]. But most
of them are artificially constructed in the sense that it introduces too many free parameters to able to fit with
observational data or not able to explain all features of the universe, like for example coincidence problem: why the
observed values of the cold dark matter density and dark energy density are of the same order of magnitude today
although they differently evolve during the expansion of the universe.
A new alternative to the solution of dark energy problem may be found in the Holographic Principle [22–24].
According to the Holographic principle, the number of degrees of freedom in a bound system should scales with its
boundary area not with its volume. By applying this principle to Cosmology, Cohen et al. [25] found an upper bound
on the entropy contained of the universe. For a system with size L and Ultra Violet (UV) cut-off without decaying
into black hole, it is required that the total energy in a region of size L should not exceed the mass of a black hole of
the same size, i.e. L3ρΛ ≤ LM
2
pl. The largest allowed L is the one that saturating this inequality, so ρΛ = 3c
2M2plL
−2,
where c is a constant, ρΛ is the quantum zero point energy density and Mpl is the Planck mass. It just means a
duality between UV cut-off and Infrared (IR) cut-off, where UV cut-off is related to vacuum energy and IR cut-off
is related to the large scale of the universe. In literature [26–33], it is considered that this holographic dark energy
interacts with matter during the evolution of the Universe with Hubble scale, particle horizon or event horizon as IR
cut-off.
Since dark energy and dark matter comprise approximately 96 percentage of the total energy density of the universe
with unknown character and origin, sometimes it is assumed that perhaps the dark energy and dark matter are coupled
to each other so that they behave like a single dark fluid. Although this consideration sounds slightly phenomenological
but this possibility cannot be ruled out by any observations. So, one can of course think of some interaction between
2these two fields. In fact, the standard cosmological laws can be retrieved at any time under the no interaction limit.
Additionally, the dynamics of the universe in presence of any coupling between dark energy and dark matter becomes
quite richer with many possibilities. Again from the particle physics point of view, any two fields can interact with
each other. Since both dark energy and dark matter can be thought to be of some fields, for instance some scalar field,
hence the idea behind the dark energy-dark matter interaction has a strong support from the particle physics side. The
idea of coupling in the dark sectors was initiated by Wetterich [34] and subsequently discussed by Amendola [35] and
others. So far, this interacting scenario has been explored in the context of current cosmology with some interesting
outcomes. Particularly, the coupling between the dark energy and the dark matter may provide an explanation to the
coincidence problem [36], a generic problem in the dynamical dark energy models and even in the Λ-Cold Dark Matter
(ΛCDM) cosmology. In the last couple of years, a rigorous analysis has been performed in the field of interacting dark
energy by several authors with many interesting possibilities, see for instance [37–48].
In the present work, we use an interacting holographic dark energy model with Hubble scale as IR cut-off and
study the evolution of the universe. First we calculate the equation of state parameter of the dark energy and then
find deceleration parameter. We next evaluate the transition time from decelerated to present accelerated expansion.
We found that our analysis successfully addresses the problem of present accelerated expansion of the universe and
coincidence problem. Also it predicts that present universe is dominated by quintessence type dark energy. Finally,
we discuss the evolution of black holes in this interacting dark universe.
II. INTERACTING DARK ENERGY MODEL
For a spatially flat (k = 0) FRW universe with scale factor a and filled with dust and dark energy, the Friedman
equations take the form
( a˙
a
)2
=
(8piG
3
)
(ρm + ρx), (1)
2
( a¨
a
)
+
( a˙
a
)2
= −8piGpx (2)
and the energy conservation equation becomes
(ρ˙x + ˙ρm) + 3H(ρm + ρx + px) = 0 (3)
where H = a˙
a
is the Hubble parameter, ρx = dark energy density, ρm = matter energy density, and px = pressure of
the dark energy.
Now we use a dark energy model [49] which rests on following three assumptions:
(i) The dark energy density is derived using holographic principle and is given by
ρx =
3c2
8piG
L−2, (4)
where c is a dimensionless constant of O(1), L is IR cut-off and Mpl
2 ≈ 1
8piG
.
(ii) IR cutoff is taken as the inverse of Hubble scale, i.e. L = H−1. So we can write
ρx =
3c2
8piG
H2. (5)
(iii) Matter and dark energy do not conserve separately but they interact with each other and one may grow at the
expense of the other.
So the energy conservation equation in the presence of dark energy can be written as
˙ρm + 3Hρm = Q,
ρ˙x + 3H(1 + ω)ρx = −Q. (6)
Where Q = Γρx with Γ > 0 is the interaction rate having dimension of Hubble parameter and ω =
px
ρx
denotes the
equation of state parameter for the dark energy. Now equation (6) can be written as
ρ˙x = −{Γ+ 3H(1 + ω)}ρx. (7)
3Again taking derivative of equation (5) with respect to time, we get
ρ˙x = 2ρx
H˙
H
. (8)
In our model, we assume that the universe started with only dust and dark energy appeared due to its decay with Γ
as the interaction rate. By considering observational data [10] that at present 68.3 percentage of the universe is filled
with dark energy and the rest are matter which has been achieved in 13.82× 109 years through their interaction, one
can estimate that
Γ ≈ 4.942× 10−11(yr)−1. (9)
This, further, implies that at any time t, the ratio of dark matter density to dark energy density should be given as
r =
ρm
ρx
=
1− Γt
Γt
. (10)
The variation of r with time is shown in Figure-1.
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FIG. 1: Variation of r = ρm
ρx
with time
III. EQUATION OF STATE PARAMETER OF DARK ENERGY AND DECELERATION PARAMETER
According to our model, the universe is filled with matter and dark energy. But standard model of cosmology, where
dark energy is absent, assumes that the universe was radiation dominated in the early time and it becomes matter
dominated later and in both the era, scale factor obeys power law cosmology. Extending this power law cosmology
to dark energy dominated era, here, we discuss the evolution of the universe in three different eras separately.
By comparing equation (7) with equation (8), one can find an expression for equation of state parameter of dark
energy as
ω = −1−
Γ
3H
−
2
3
H˙
H2
. (11)
But for general power law cosmology, scale factor varies like a(t) ∝ tβ and hence the equation of state parameter
of dark energy becomes
ω = −1−
Γt
3β
+
2
3β
. (12)
4Again Hubbles law explains the expansion of the universe but whether the expansion is accelerating one or decel-
erating one, it can be determined by deceleration parameter. The deceleration parameter is defined as
q =
−a¨a
a˙2
. (13)
From equation (2), one can get
2q − 1 =
8piGpx
H2
(14)
which on simplification gives
q =
1
2
+
3
2
1
(1 + r)
ω. (15)
Now using equations (10) and (12), we get
q =
1
2
+
3
2
Γt
[
− 1−
Γt
3β
+
2
3β
]
. (16)
In radiation dominated era, β = 1
2
. So
ω =
1
3
−
2
3
Γt. (17)
and
q =
1
2
+
1
2
Γt(1− 2Γt). (18)
For matter dominated era, β = 2
3
. So
ω = −
Γt
2
. (19)
and
q =
1
2
−
3
4
(Γt)2. (20)
But for present era, power law cosmologies, high redshift data and present accelerated expansion of the universe
demands β to be greater than 1 [50–52] though exact value of β has not been ascertained. Since present era is dark
energy dominated, we construct the Table I by using equations (12) and (16), where subscript 0 refers to present
value.
Comparing with the observational constraint on transition redshift as zq=0 ≈ 0.6 [53–55], we found β to be
3
2
. This,
in turn, determines the present value of equation of state parameter of dark energy and deceleration parameter as
ω0 ≈ −0.707 and q0 ≈ −0.225 respectively. Which indicates that the expansion of the universe is presently accelerating
one and the universe is presently dominated by quintessence type dark energy. We also found that the transition time
from deceleration to acceleration would be tq=0 ≈ 0.732t0 which is in agreement with observation [56]. Again from
equation (12), one can find that the universe will be phantom dominated in near future at time t = 2.928t0. The
evolution of equation of state parameter ω and deceleration parameter with time are shown in Figure-2 and Figure-3
respectively.
IV. COINCIDENCE PROBLEM
The current observations indicate that the densities of dark energy and dark matter are of the same order of
magnitude today. This seems to imply that we are currently living in a very special period of the cosmic history,
because dark energy and dark matter evolve differently during expansion of the universe. Within the context of
Standard model, a density ratio of the order of one just at the present epoch can be seen as coincidence since it
requires very special initial conditions in the early universe. The corresponding ‘why now’ question constitutes the
cosmological “coincidence problem”. But in very early universe and in the far-future universe, the energy densities
5TABLE I: The present values of dark energy density parameter and deceleration parameter, and variation of transition times
and transition redshifts from deceleration to acceleration for different values of β are shown in the Table.
β ω0 q0 Transition Time Transition Redshift
(tq=0) (zq=0) = (
t0
tq=0
)3/2 − 1
1.1 -0.601 -0.116 0.885t0 0.144
1.2 -0.634 -0.15 0.815t0 0.278
1.3 -0.662 -0.179 0.782t0 0.377
1.4 -0.686 -0.203 0.754t0 0.485
1.5 -0.707 -0.225 0.732t0 0.597
1.6 -0.726 -0.243 0.713t0 0.718
1.7 -0.742 -0.26 0.696t0 0.852
1.8 -0.756 -0.275 0.682t0 0.992
1.9 -0.769 -0.288 0.669t0 1.146
2.0 -0.78 -0.3 0.658t0 1.309
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FIG. 2: Variation of equation of state parameter with time
differ by many orders of magnitude. Since r is the ratio of energy densities, mathematically r˙
r
is required to be very
small for present epoch.
Now we calculate r˙ from the definition of r = ρm
ρx
as
r˙ = r
( ρ˙m
ρm
−
ρ˙x
ρx
)
. (21)
Using energy conservation equation (6), we get
r˙
r
= 3H
[
ω +
Γ
3H
(
1 +
1
r
)]
. (22)
Putting current values of various parameters in the above equation (22), we found
∣∣∣ r˙
r
∣∣∣
0
= 0.229× 3H0. (23)
Thus r varies more slowly in this model than in the conventional ΛCDM model, where
(
r˙
r
)
0
= 3H0.
The variation of coincidence parameter
∣∣∣ r˙r
∣∣∣ with time is shown in Figure-4.
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FIG. 3: Variation of deceleration parameter with time
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V. EVOLUTION OF BLACK HOLES IN THIS ENVIRONMENT
Black hole is a region in space-time, where, gravitational field is so strong that even light can not escape from it.
In the usual formation scenarios, the typical mass of a black hole at the formation could be as large as the mass
contained in the Hubble volume MH ranging down to about 10
−4MH [57]. Black holes can thus span enormous mass
range starting from Planck mass to few order of solar mass. In general, it is considered that all the black holes are
formed by the time of matter-radiation equality te, which is assumed to be occurred when the universe is nearly
1011 sec old. So the maximum formation mass of the black hole would be (MH)te = G
−1te ∼ 10
49 gm. Again the
formation masses of some of the black holes could be small enough to have evaporated completely by the present
epoch due to Hawking evaporation [58]. Early evaporating black holes could account for baryogenesis [59–61] in the
universe. On the other hand, presently surviving black holes could act as seeds for structure formation and could also
form a significant component of dark matter [62–66]. Once formed, these black holes are affected both by Hawking
evaporation and accretion: absorption of energy matter from the surroundings. In literature so many works [67–71]
7are found, involving absorption of radiation, matter and dark energy. We, here, discuss accretion of interacting dark
energy as follows.
Babichev et al. [16] have worked out a differential equation for explaining the accretion of phantom type dark
energy by black holes. By generalizing their analysis to all kinds of dark energies, we found that the mass of a black
hole can be changed due to presence of interacting dark energy as
M˙ = 4piR2bh(ρx + px) (24)
where Rbh = 2GM is the radius of black hole.
On simplification, above equation (24) gives
M˙ = 16piG2M2(1 + ω)ρx. (25)
Using equations (1), one can find
M˙ =
6G
1 + r
M2(1 + ω)H2. (26)
Due to Hawking evaporation, the rate at which the mass of a black hole changes is given by [72]
M˙ = −
aH
256pi3
1
G2M2
(27)
where aH is the black body constant.
In interacting dark universe, thus, the evolution of black holes’ mass is governed by the equation
M˙ = −
aH
256pi3
1
G2M2
+
6G
1 + r
M2(1 + ω)H2 (28)
Like deceleration parameter, here we consider three epochs separately.
A. Radiation dominated era
In radiation dominated era, the equation (26) takes the form
M˙ =
6G
1 + r
M2(1 + ω)
1
4t2
. (29)
After using equations (10) and (17), and performing simple calculations, equation (29) can be written as
M˙ = G
(M2
t
)
Γ(2− Γt) (30)
By solving above differential equation (30), we get
M = Mi
[
1− 2Γtiln(
ti
t
) + (Γti)
2
( t
ti
− 1
)]
−1
(31)
where Mi is the mass of black hole at formation time ti. Again here Γti ≤ 10
−6, so equation (30) gives M ≈ Mi.
i.e. Mass of a black hole is not affected by the presence of interacting dark energy in radiation dominated era. In
radiation dominated era, hence, only Hawking evaporation term contributes towards evolution of the black holes.
B. Matter dominated era
Since environment is not suitable for black holes to be formed in matter-dominated era, we study the evolution of
those black holes in matter and dark energy dominated era which are only formed during radiation dominated era.
In matter dominated era, the equation (26) takes the form
M˙ =
6G
1 + r
M2(1 + ω)
4
9t2
. (32)
8On simplification, above equation gives
M˙ =
8
3
GΓ
M2
t
(
1−
Γt
2
)
(33)
Now the evolution of black holes’ mass in matter dominated era is governed by the equation
M˙ = −
aH
256pi3
1
G2M2
+
8
3
GΓ
M2
t
(
1−
Γt
2
)
(34)
C. Dark energy dominated era
In dark energy dominated era, the equation (26) takes the form
M˙ =
6G
1 + r
M2(1 + ω)
9
4t2
. (35)
On simplification, above equation gives
M˙ = 6GΓ
M2
t
(
1−
Γt
2
)
(36)
By solving equations (33) and (36) numerically, we plot the Figure-5 which shows the variation of black holes’ mass
with time in the presence of interacting dark energy.
10-5 0.001 0.100 10
0.999996000
0.999998000
1.000000000
1.000002000
1.000004000
1.000006000
t
ti
M M
i
FIG. 5: Variation of black holes’ mass with time having formation mass 1049 gm by considering only accretion of interacting
dark energy.
From the Figure-5, we found that the mass of a black hole decreases due to accretion of interacting dark energy.
The evolution of black holes’ mass in dark energy dominated era is governed by the equation
M˙ = −
aH
256pi3
1
G2M2
+
8
3
GΓ
M2
t
(
1−
Γt
2
)
(37)
Solving the equations (34) and (37) numerically and comparing with the numerical solution of equation (27), we plot
Figure-6 and construct Table-II, where the 2nd and 3rd columns give the evaporation times in absence and presence
of interacting dark energy respectively and subscript i refers to initial value.
From Table-II, it is clear that the evaporation of black holes become quicker in the presence of interacting dark
energy. Particularly, the black holes whose formation mass is greater than 1028 gm, they will suddenly vanish at
7.86× 1047 sec indicating a strong phantom domination [73] by that time. But presently evaporating black holes are
not affected by the presence of dark energy, so all observed astrophysical constraints on black holes would not be
disturbed.
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FIG. 6: Complete evolution of black holes in the presence of interacting dark energy is shown in the Figure
TABLE II: The evaporation times of black holes in the presence of interacting dark energy
ti (in sec) Mi (in gm) tevap (in sec) (tevap)int−de (in sec)
10−23 1015 3.33× 1016 3.33 × 1016
10−18 1020 3.33× 1031 3.33 × 1031
10−13 1025 3.33× 1046 3.23 × 1046
10−10 1028 3.33× 1055 7.85 × 1047
10−8 1030 3.33× 1061 7.86 × 1047
10−3 1035 3.33× 1076 7.86 × 1047
102 1040 3.33× 1091 7.86 × 1047
107 1045 3.33× 10106 7.86 × 1047
1011 1049 3.33× 10118 7.86 × 1047
VI. DISCUSSION AND CONCLUSION
In this study, we use interacting holographic dark energy model, where we take Hubble scale as IR cutoff. We
assume that during the evolution of the universe, dark energy is created at the cost of matter. As a success of our
work, we first determined the interaction rate at which matter is converting to dark energy. Then we calculated the
equation of state parameter which describes the nature of dark energy. Our result predicts that the present state
of the universe is dominated by quintessence type dark energy and it will be phantom dominated in near future at
a time t = 2.928t0. Again our model is successful in explaining the present accelerated expansion of the universe.
Our result tells that the universe was previously undergoing a decelerated phase of expansion and transition from
deceleration to acceleration would occur at tq=0 = 0.732t0, where t0 is the present age of the universe. So in this case,
the transition is hastened in comparison with previous result [49] where scalar-tensor theory is used. Our analysis also
considerably softens the coincidence problem. Finally, we took a look on evolution of black holes in this environment.
From our study, we found that the black holes, particularly formed after 10−13 sec would be affected by the presence
of interacting dark energy. During their evolution, those black holes would loss their mass due to interacting dark
energy and hence their evaporation would be quicker in comparison with standard scenario. Again all the black holes
whose formation mass is greater than 1028 gm, will be evaporated at a particular time t = 7.86×1047 sec. This can be
explained by the fact that by that time the universe will become strongly phantom dominated [73]. But the presence
of interacting dark energy could not affect the presently evaporating black holes whose formation mass (Mi) is of the
order of 1015 gm and thus all observed astrophysical constraints on black holes remain unaltered.
Thus our integrated model involving interacting dark energy and holographic principle with Hubble scale as IR
cutoff can accommodate present accelerated expansion of the universe. It is also successful in determining the
10
interaction rate between dark energy and matter, and the transition time from decelerated to accelerated expansion.
Again it predicts that the present universe is dominated by quintessence type dark energy and softens the coincidence
problem. Moreover, we found that black hole dynamics is strongly affected by the presence of interacting dark energy.
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